In this study, solar water heater was investigated using meteorological and geographical data of 129 sites over Turkey. Three different collector types were compared in terms of absorber material (copper, galvanized sheet and selective absorber). Energy requirement for water heating, collector performances, and economical indicators were calculated with formulations using observed data. Results showed that selective absorbers were most appropriate in terms of coverage rate of energy requirement for water-heating all over Turkey. The prices of selective, copper and galvanized absorber type's heating systems in Turkey were 740.49, 615.69 and 490.89 USD, respectively. While payback periods (PBPs) of the galvanized absorber were lower, net present values (NPVs) of the selective absorber were higher than the rest. Copper absorber type collectors did not appear to be appropriate based on economical indicators.
Introduction
Due to the increasing prices of the primary energy resources and their associated serious environmental issues, the use of renewable resources, especially, the solar energy is increasingly on demand in both developing and developed countries. The most common way of using solar energy is through hot water by solar water heaters. Hot water is required for domestic and industrial uses such as houses, hotels, hospitals, and mass-production and service industries. Solar water heaters in various Indian stations were reported to provide 100 L of hot water at an average temperature of 50-70 o C, which can be retained to o C until used next day morning [1] . Although solar collectors have a history extending back to about 120 years ago, the requirements of many diverse applications are still continued to be more effectively satisfied with advantages of new materials and manufacturing processes. The total solar collector area installed worldwide is now estimated to be over 58 km 2 [2] .
For example in Lebanon, 70% of residential houses use electricity to heat their water, 25% use diesel, and 5% use gas, wood, solar and other energy sources [3, 4] . The share of solar water heaters in 2002 was 1.7% of total energy demand of Jordan [5] . About 100 km 2 of solar collector are expected to be installed in Europe by the year 2010 [6] . The fact that solar water heaters are affordable and a cheap substitute for (non-)commercial fossil fuel-burning renders them increasingly popular. Turkey receives a high level of solar radiation throughout the year with a mean daily solar energy intensity of 12.96 MJ m -2 d -1 and sunshine duration of about 7.2 h [7] . The solar potential unconstrained by technical, economic or environmental requirements of Turkey is estimated as 88 million tonnes oil equivalent (toe) per year 40% of which is considered economically usable. Threefourths (24.4 million toe per year) of the economically usable potential is considered suitable for thermal use, with the reminder (8.8 million toe per year) for electricity production [8] . The household energy consumption of Turkey involves electricity, coal, natural gas, petroleum and renewable energy sources. The biggest share comes from wood, but the share of solar energy was only about 1.1% in 2002 [9] . The share of household sector in consumption was 31% in 2002 [9] , lower than 40% of the developed countries [10] . Increasing this proportion could decrease the present total fossil fuel-related CO 2 emissions of 61.7 Mt (mega ton) carbon (C), and the emission rate of 0.87 t C per capita [11] . In Beirut, a 2.5 m 2 flat plate glazed collector with 114 L storage capacity placed at a slope of 33.8 o was
reported to result in a greenhouse gas reduction of 1.42 t CO 2 per year [3] . In Turkey, 11 million m 2 of collector surface area (an equivalent of 0.15 m 2 collector surface per capita) were installed with a heat output of 0.4 Mtoe in 2005 [12] . This rate was 0.23 m 2 for Austria in 2002, 0.28 m 2 for Greece in 2002 [13] , and 0.82 m 2 for in Cyprus in 2003 [14] . Given the present Turkish manufacturing capacity for solar water heater of 1 million m 2 per year, the growth in this market is expected to continue, thus increasing the quantity and quality of collectors installed [15] . For example, the installation rate by households was about 4.32% in Taiwan in 2005 [16] . Average annual installation rate between 1995 and 2000 was 6.6% for Spain, 5.2% for Germany, 5.0% for France, 4.0% for Italy, 3.4% for Netherlands, 1.8% for UK and 0.2% for Greece [45] . The most commonly used solar water heating system for domestic needs is through natural circulation type that consists of a flat plate solar collector connected to an insulated storage tank. The sun's rays pass through the glass and are trapped in the space between the cover and plate or are absorbed by the black body. The circulating water through a conduit system located between the cover and absorber plate is heated and then carried to the storage tank. Flat plate collectors are most suitable when a temperature below 100 o C is required. These are simple to assemble; low cost; simple in design and fabrication; durable; do not require sun-tracking; can work on cloudy days; and require minimum maintenance [17, 18] . The average life of typical solar water heating system is generally assumed to be ca. 20 years. Utilization of renewable energy for water heating can increase electrical reserve margins, raise the system load factor, improve load following capabilities and reduce the need for capacity expansion. In addition, using renewable energy sources provides clear opportunities for reductions in CO 2 , CO, nitrogen oxide, sulfure oxide, particulate matter and volatile organic compounds during power generation [19, 20] . When four alternative water heating technologies (standard electric water heating, heat pump water heater, solar hot water system and heat pump desuperheaters) were compared, the solar hot water systems were found to be the most efficient and to have the greatest reduction in electric peak demand [21, 22] . The performance of a solar water heater system is highly dependent on its orientation, optical and geometric properties, macro and microclimatic conditions, geographical position, operational parameters, and the period of use [15, 18, [23] [24] [25] [26] . In this study, a techno-economic assessment of the most common solar water heating systems in Turkey was carried out quantifying the rate of solar energy that is gained, required and used, and payback period (PBP) and net present value (NPV) in terms of liquid petroleum gas (LPG) and electricity savings.
Design of Solar Water Heaters
The design of the flat plate collector is shown in Fig. 1 . The absorber area of the flat plate collector was 1.82 m 2 , and two heaters were used in the subsequent calculations. 
Determination of Solar Collector Performance
In this study, meteorological and geographical data of 129 sites over Turkey were used in the calculations. First, the monthly average daily solar radiation on a horizontal surface was converted to hourly solar radiation on a tilted surface.
Cold water storage

Hot water storage
The monthly average clearness index (K T ) is the ratio of monthly average daily solar radiation on a horizontal surface (H) to monthly average daily extraterrestrial radiation on a horizontal surface (H o ). H o can be calculated using the following equation [27] : 
where I gs is the solar constant (1367 W m -2 ); f the eccentricity correction factor; λ latitude; δ the solar declination; and w s the mean sunset hour angle for a given month. The eccentricity correction factor, solar declination and sunset hour angle can be estimated thus [28] :
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where n is the number of the day of the year starting from the first of January. In order to determine monthly average daily diffuse solar radiation over Turkey, the following correlation was used [29] 
The ratio of hourly total to daily global radiation was calculated as a function of sunshine duration thus [30 from 28] :
Based on sunshine duration and daily global radiation, the hourly global radiation can be estimated. In the curves shown by Liu and Jordan (1960) , the hours are designated by the time for the midpoint of the hour, and days are assumed to be symmetrical about solar noon. The curves were represented by the following equation [31] :
where h is hour angle changing 15 o per hour, with morning being negative and afternoon being positive, and S o is maximum possible sunshine duration calculated as follows [28] :
The ratio of hourly diffuse to daily diffuse radiation can be estimated as follows [28] :
The curves based on the assumption of Liu and Jordan (1960) 
The beam radiation can be then calculated as follows [28] :
The total solar radiation on the tilted surface was calculated for an hour as the sum of beam, isotropic diffuse and solar radiation diffusely reflected from the ground as follows [28, 32] :
where ρ g is ground reflectance (equal to 0.2). The geometric factor (R b ) can be calculated as follows [28] :
Second, the useful energy output of a collector, the difference between the absorbed solar radiation and the thermal losses, can be calculated as follows [28, 33, 34] :
where A c is collector area, F r is heat removal factor, (τα) is transmittance-absorptance, U L is overall heat loss coefficient, T f,i is fluid inlet temperature and T a is ambient air temperature. The most common three solar heater types according to their absorber plates were taken into consideration in this study and included (1) galvanized black painted iron sheet, (2) copper painted black sheet and (3) selective black surface. The heat removal factor could be calculated as shown below [28] :
where G is fluid flow rate per unit collector area, C p is specific heat at constant pressure, F′' is collector efficiency factor, and the latter can be calculated as follows [28] :
where W is the distance between the tubes, D is the tube diameter, F is the fin efficiency factor, C b is the bond conductance, and h f,i is the heat transfer coefficient between the fluid and the tube wall. The term "1/C b " was assumed to be equal to zero in the calculations since minimum value was 0.1 or lower [34] . The fin efficiency factor could be calculated as follows [28] :
and k p is the conductivity, and δ p is the thickness of the absorber plate.
The heat transfer coefficient between the fluid and the tube wall (h f,I ) can be calculated as follows [34, 35] :
where Nusselt number calculated from ( ) ( ) . The Re is Reynolds, and Pr is Prandantl number in the equations. The transmittance-absorptance was calculated as follows [34, 35] :
where τ is transmission of the cover, α is the absorptance of the absorber plate, and ρ d is the reflectance of the glass cover (equal to 0.16).
The overall heat loss coefficient is equal to the sum of top, back and edge heat losses as shown below [33, 34] :
These top, back and edge losses can be calculated as follows [35,36 from 37] :
where
, N is number of cover (equal to one in this study), ( )
, V r is wind speed (m/s), σ is Stefan-Boltzmann constant, ε p is emissivity of absorber plate, ε g is emissivity of glass cover, k b is conductivity of back insulation, L b is thickness of back insulation, k e is conductivity of edge insulation, L e is thickness of edge insulation, c is perimeter of the collector, and h is height of the collector. The daily useful energy output of a solar collector for tilt angles of 0 to 90 o with one degree intervals was calculated for 129 sites in Turkey. The sum of the daily values for each tilt angle was attained as useful energy gained annually by the collector. The optimum tilt angles were then determined by which receives the highest energy over the year for the three types of solar water heaters. Third, the energy requirement to heat water to 55 o C for consumption was calculated as follows [38] :
where G w is amount of water (L d -1 ) (equal to 100 L for one family), ΔT is temperature differences between tap water temperature and required water temperature (equal to 55 o C) [39, 40] .
Finally, the PBPs were calculated by considering savings equivalent in liquid petroleum gas (LPG) and electricity. The calorific values and thermal efficiencies were taken from [41] . The PBPs were estimated based on the relationship shown below [18] :
where a is interest rate equal to 0.19, M is maintenance equal to 0.035 and b is inflation rate equal to 0.09 for Turkey [42, 43] .
The net present value (NPV) was calculated as follows [43] :
where CF is cash flow at a given year t, i is discount rate, t is year and n is end of process.
Mapping Spatial Variability in Energy Requirements and Coverage Rates
Maps of national energy requirements for water-heating, and coverage rates according to the selective, copper and galvanized absorber plates were created with a grid resolution of 500 m x 500 m from the 129 meteorological stations using the spatial interpolation method of universal kriging in ArcGIS 9.1 [50] . The implementation of kriging necessitates the calculation of a semi-variogram model that defines variance as function of distance, and direction as follows [51] :
where γ(h) is the semi-variance of variable z as a function of both lag distance or separation distance (h); N(h) is the number of observation pairs of points separated by h used in each summation; and z(x k ) is the random variable at location x k . The degree of spatial auto-correlation for energy requirements and coverage rates was determined using Moran's Index (I). In the universal kriging, detrending was implemented due to the presence of an overriding drift by the removal of first order trends from all the semi-variogram models and by adding back before predictions were made. In the semi-variogram models, the range (a) corresponds to the distance at which the semi-variogram reaches its asymptote and beyond which there is little or no spatial dependence. The sill defines the asymptotic height of the variogram and consists of nugget (c 0 ) and partial sill (c). The partial sill and the nugget are the spatially correlated component of the variance as a measure of the strength of the spatial dependence and the spatially uncorrelated component of the variance and also what is spatially correlated below the level of the minimum lag size as a measure of the inherent or non-spatial variation, respectively.
Results and Discussion
Moran's high I values for energy requirement (kWh year -1 ) (0.2), coverage rates (%) by the selective (0.15), copper (0.13) and galvanized (0.12) absorber plates revealed the presence of a strong spatial auto-correlation for a robust geostatistical interpolation (P < 0.01). The anisotropic spherical semivariogram models of universal kriging were implemented to map spatial variability in energy requirement and coverage rates at the national scale. Parameters and cross-validation R 2 values for spatially interpolated surface maps are presented in Table 1 . The annual energy requirement of one family of four people for hot water production was calculated using formula [26] . In order to heat 100 L of water to temperature of 55˚C, the energy required varied between 1418.69 and 1975.08 kWh for 129 sites of Turkey (Fig. 2) . It is clear that while the south and west locations of Turkey require less energy, the east locations of Turkey need much more energy to heat water. The reason for this can be attributed to low tap water temperatures in the east.
The useful energy output for the solar heating systems was calculated according to the different tilt angles for 129 sites of Turkey. Results indicated that tilt angles of the solar water heaters receiving the highest solar radiation during the entire year varied according to the absorber plate type (Tables 2 to  4 The shares of the solar water heaters to overcome the annual energy requirements were closely related to the collector types over Turkey. The minimum, maximum and mean values were 63.95%, 97.27% and 82.12% + 7.46% for the selective absorber collectors; 42.75%, 87.87% and 64.26% + 9.8% for the copper absorber collectors; and 41.06%, 86.62% and 62.62% + 9.79% for the galvanized collectors, respectively. It is clear from Figs. 3 to 5 that the selective absorber plate covered the highest percentage of energy requirement all over Turkey. Annual solar contribution of the simulated system was as high as 79% in Cyprus [44] . Annual energy savings by using solar water heater could amount to 85% for Sydney, 72% for Melbourne in Australia, 76% for Kumamoto in Japan, 86% for Miami in USA and 82% for Rome in Italy [45] . With solar irradiance of about 5.5 kWh/m 2 /d, a typical Jordanian solar water heater with 4 m 2 net area and 25% average system efficiency over the lifetime has the potential to produce around 150 L of hot water at 55 o C per day for about 330 sunny days per year [5] . The economic comparisons were quantified according to the different conventional options of electricity and LPG (Tables 2 to 4 In the galvanized collector, when compared to electricity, the PBP varied between 2.98 and 8.24 years, the energy cost was between 0.083 and 0.173 USD/kWh with an average of 0.128 USD/kWh + 0.0021 USD/kWh over Turkey. The NPV also changed from 874.58 to 1952.32 USD. When compared to LPG, the PBP changed from 2.02 to 4.98 years. While the energy cost varied between 0.094 and 0.224 USD/kWh with an average of 0.161 USD/kWh + 0.029 USD/kWh, the NPV ranged between 1270.15 and 2763.01 USD. The PBP of the system was 8 years in Cyprus, the present worth of life cycle savings was equal to 293 USD, and annualized total cost with solar energy was 0.098 USD/kWh [44] . The cost of useful heating energy from solar power was around 0.035 USD/kWh in Saudi Arabia [46] . The PBP was 8.6 years in Jordan. Net energy collected was about 1807 kWh/year and using solar water heater instead of LPG to heat water resulted in savings of 16.4 USD/m 2 collector surface in Jordan [47] . The PBP of solar water heaters in Taiwan was about 5-6 years [48] . The PBP ranged from 2.92 years with respect to electricity to 4.53 years with respect to kerosene in India [18] . Lebanon had a PBP of 7 years and cash savings of 2610 USD during the 20-year use of the galvanized collector [3] . Life cycle savings for the use of the galvanized collector in Italy were in the range of 5957 to 10328 Euro [49] . If we used only electricity to overcome the heat requirement for hot water for one family, the energy cost would be between 0.173 and 0.179 USD/kWh with an average of 0.175 USD/kWh + 0.001 USD/kWh. This varies between 0.233 and 0.240 USD/kWh with an average of 0.236 USD/kWh + 0.002 USD/kWh for using LPG in the process.
Conclusions
Cleaner energy technologies towards increasing eco-efficiency and reducing risks to both humans and the environment are becoming increasingly significant for domestic and different industrial sectors. For Turkey, three options of solar water heating systems were identified as having both economic and environmental advantages. For each option, the most economical advantages that can be achieved in energy savings along with its simple payback periods were quantified. Based on their economic, environmental, and product quality advantages, implementing the galvanized solar water heater was favored due to its shorter payback period. The selective solar water heaters had a higher NPV than the others. Thus, in order to achieve the best solution, the galvanized solar water heaters could be built wherever the energy requirement is low, while the selective solar waters should be preferred if the energy requirement is high in Turkey.
